INTRODUCTION
The therapeutic success of covalently conjugating PEG to proteins (PEGylation) is increasing the clinical use of biopharmaceuticals. Originally designed to improve pharmacokinetic profiles, PEGylation has been found to increase a protein's half-life in the vascular circulation and to reduce the dose of protein required for treatment. In addition, antibodies to PEG have not been observed during the clinical use of several PEG-protein conjugates. Recent clinical studies have also suggested new and unexpected therapeutic benefits for protein-based medicines [1] [2] [3] . For example, the combination of PEGylated a-2 interferon and ribavirin eradicates hepatitis C virus in more than 50% of treated patients. This has led to several PEG-protein conjugates being approved for therapeutic use by the regulatory authorities 4 .
Existing PEGylation technologies
A major limitation with the existing PEGylated proteins is their heterogeneous nature. This is because PEG is conjugated at many different nucleophilic amine residues in the protein [4] [5] [6] . The relative proportion of each of these positional PEG-protein isomers depends on (i) terminal chemical functionality, (ii) molecular weight (MWt), (iii) morphology of PEG and (iv) the specific reaction conditions used for conjugation 7 . These problems make a systematic definition of structure-property correlations during a protein's preclinical development impossible.
Not only do small variations in the conjugation reaction conditions lead to a variable mixture of PEG-protein conjugates, but also a large stoichiometric excess of the PEG reagent is required 8 . Nonselective conjugation and the presence of excess PEG means that tedious purification processes are required to isolate the PEGprotein conjugate. The low efficiency of the conjugation reaction is a major impediment to the widespread use of protein-based medicines as cost-affordable drugs for global use 9 .
Our approach to protein PEGylation is able to address the fundamental issues of site-specific conjugation and high-efficiency conjugation. There are many conjugation strategies and many PEG-based reagents that have been developed to address the central issue of site-specific PEGylation [10] [11] [12] [13] . Based on their selective chemical reactivity, thiol reactive PEG reagents offer the best opportunity for efficient and site-specific PEGylation. However, to use a thiol reactive PEG reagent, it is necessary to recombinantly engineer a new and free cysteine into the protein 14 because most proteins do not have a free cysteine 15, 16 . Engineering a single cysteine into a protein so that it is also accessible for the conjugation of PEG is technically demanding and expensive. A free unpaired cysteine reduces protein yield during refolding 17 , and may cause disulfide scrambling and may lead to aggregation of the protein 18 .
Native disulfide bonds in extracellular proteins Our starting point was naturally occurring proteins of biological importance with a MWt range of 10-50 kDa and whose mode of action is via extracellular cell surface receptors. Typically, extracellular proteins have an even number of cysteines that pair up to form disulfide bonds. The complex functions of these disulfides can be considered in the simple terms of their relative contribution to a protein's structure, function and stability 19, 20 . The disulfide bonds in a protein's hydrophobic interior are responsible for its structure and function, whereas disulfide bonds in close proximity to its surface are responsible for its stability 20 . Our search of protein databases suggests that most biologically relevant proteins have at least one disulfide bond that is close to the surface and that can also be chemically modified without resulting in a loss of either structure or function.
Disulfide site-specific PEGylation Our methodological approach exploits the chemical reactivity of both of the sulfur atoms in a disulfide bond. We have found that the mild reduction of an accessible native disulfide to liberate its two sulfur atoms while retaining the protein's tertiary structure can be followed by site-specific PEGylation with a bis-thiol alkylating reagent (Fig. 1) . Our approach enables the covalent re-bridging of the two thiols that are derived from the original disulfide bond [21] [22] [23] with a three-carbon methylene bridge to which PEG has been covalently attached.
It is important to preserve a protein's tertiary structure after the gentle reduction of an accessible disulfide to (i) keep the free thiols close to each other, (ii) minimize any potential for the irreversible denaturation and aggregation of the protein, and (iii) prevent disulfide scrambling reactions if more than one disulfide is reduced. Any protein that does not undergo conjugation with PEG can have its disulfides reoxidized and can be re-used for another PEGylation reaction. As the native protein is the most expensive molecule, this can have a major impact on the cost of the PEGylated protein.
Thiol-specific bis-alkylation
The conjugating moiety of our PEG reagent 7 (Fig. 2) is a thiolspecific bis-alkylating group that comprises an electron-withdrawing group (e.g., carbonyl group), an a,b-unsaturated double bond and a b¢ sulfonyl group that is susceptible to elimination. This juxtaposition of chemical functionality allows for a sequence of interactive and sequential addition-elimination reactions (Fig. 1) . Competitive intermolecular alkylation reactions are minimized because all of the conjugation reactions occur in water and with a protein whose tertiary structure is maintained. We have prepared the PEG bis-sulfone reagent 6 using linear PEG's from 5,000 to 30,000 g mol À1 with little observed difference in conjugation efficiency. The PEG bis-sulfone reagent 6 can be used for conjugations that are conducted at neutral or slightly basic pH values where elimination of one of the b-sulfonyl groups leads to the generation of the PEG reagent 7 in situ. We have found that some peptides and proteins are more soluble when the reduction of the disulfide is conducted in slightly acidic conditions, for example, reduction of somatostatin 23 at pH 6.2 followed by conjugation with the PEG reagent 7.
The PEG mono-sulfone 7 is fundamentally different from the dithiol reactive PEGylation reagents that have been described. Such reagents have two separate thiol reactive functional groups (e.g., two maleimides 24 ) that are chemically independent of each other. In addition, the distance between the two thiol reactive groups on these PEGylation reagents is much greater than the distance across the three-carbons of our PEG reagent 7. Consequently, these difunctional reagents are incapable of undergoing sequential addition-elimination reactions, and there is little chance of re-bridging native disulfides and maintaining a protein's structure as described for our PEG mono-sulfone 7.
Protein structure and modeling studies Several protein databases should be searched (Protein Data Bank, PDB-http://www.pdb.org) for the experimentally determined structure of the protein. In the absence of an experimentally based structure, it is possible to search databases of theoretically modeled structures, that is, Protein Model Database and SwissModel repository, http://a.caspur.it/PMDB and http:// swissmodel.expasy.org/repository. These may not provide an accurate structure but they will provide an insight into the protein's topology. The aim of these studies should be to identify the (i) accessible disulfides that contribute to stability, (ii) disulfides in the hydrophobic interior that contribute to structure and function, (iii) position of an accessible disulfide bond relative to the protein's receptor/substrate binding site(s) and (iv) effect on the protein's overall conformation of inserting a three-carbon bridge into a native disulfide bond. The protein's structure should be Figure 2 | Synthesis of PEG mono-sulfone 7. Typically, it was generated in situ from the PEG bis-sulfone 6 during the conjugation of the protein.
checked for the correct numbering and completeness of the sequence. For example, the X-ray crystallographic structure of leptin (PDB entry 1AX8) did not include the flexible parts of the protein. As a result, we had to model this using a combination of homology modeling and molecular dynamics simulations. There are more than 30,000 protein structures that contain cysteines in the PDB alone. As the disulfide bond may not be shown in the PDB file, the structure should be tested to determine whether any disulfides are present. This is possible with software (Disulfide by Design) that can locate pairs of cysteines that are in close proximity and which satisfy the geometric constraints on the sulfur atoms in a disulfide bond 25 . To locate the disulfides on a protein's surface, it is possible to calculate the solvent-accessible surface area using the web service GETAREA 26 or MolMol software 27 . The results obtained should be confirmed by visual inspection using a molecular graphics package as shown in Figure 3 . It is important to remember that these graphics provide a static picture only; a protein and its side chains are constantly in motion, with partially hidden sulfur atoms being regularly exposed to the solvent.
Detailed information about the surface conformation of the protein that interacts with its receptor/ligand has to come from the protein's crystal structure, from protein-receptor/ligand complexes or from biological data if these complexes have not been crystallized. Molecular modeling studies can then be undertaken using the integrated molecular modeling packages Maestro v6.5 and Macromodel v9.1 [Schrodinger] as described previously 21, 28, 29 . Their aim is to determine the effect of inserting a single threecarbon bridge into each of the accessible disulfides of a protein. For modeling studies, we recommend that, in the first instance, only one disulfide in a monomeric protein is modified. In the case of multimeric proteins, our studies suggest that a single PEG can be attached to each of the monomers that make up the protein without disrupting its structure or biological function 22 . For example, L-asparaginase is active as a tetramer. Each monomeric unit has one disulfide, which can be PEGylated in near quantitative yield with 1.3 equivalents of the PEG mono-sulfone reagent 7 (ref. 23 ). For proteins with more than one disulfide bond that can be easily reduced (e.g., interferon (IFN)), we conduct the PEGylation with one equivalent of the PEG bis-sulfone reagent 6 after reducing both disulfides. This results in a three-carbon disulfide singlebridged PEG-IFN with PEG conjugated to either Cys1-Cys98 or Cys29-Cys138 with only a small amount of three-carbon disulfide double-bridged PEG-IFN formed. If the three-carbon disulfide double-bridged PEG-IFN is required, it can be made using two equivalents of the PEG bis-sulfone 6. In the case of a protein with multiple disulfides (e.g., an anti-CD4 antibody fragment), we have found that it is possible to reduce the most accessible interchain disulfide without affecting the less accessible intrachain disulfides. As a result, only a three-carbon disulfide single bridge was inserted into the antibody fragment. These observations suggest that when proteins have multiple disulfides with varying degrees of accessibility for reduction, only the accessible disulfide that has been reduced will be PEGylated 22, 23 . . Oxone 2| Clamp the reaction flask to a retort stand in a fume hood. Fix a condenser to the flask and turn on the water to flow through the condenser.
3| Heat the reaction mixture to 105 1C and allow it to stir at gentle reflux for 10 h. Typically, this is accomplished with a heater-magnetic stirrer placed on a labjack under the flask. On the stirrer is placed paraffin oil (300 ml) in a PYREX crystallization dish (500 ml). The labjack is adjusted to bring the oil into contact with the reaction flask to cover the volume of liquid inside the reaction flask.
4| After 4 h reflux, lower the labjack to remove the reaction flask from the hot oil. Once the solution has stopped boiling, lift the condenser from the reaction flask and, using a powder funnel, carefully add paraformaldehyde (2.74 g, 91.35 mmol, 3 equivalents). Reconnect the condenser to the reaction flask and adjust the labjack to again heat the reaction mixture to reflux.
5| After a further 6 h of reflux, turn off the heat source and allow the reaction mixture to cool to ambient temperature. Typically, a precipitate is seen in the flask on cooling.
6| Add acetone (50 ml) to the reaction mixture and gently agitate the flask to mix the solution.
7| Filter the suspension using a #3 Pyrex sintered glass funnel connected to vacuum via a vacuum flask and discard the filtrate. ' PAUSE POINT Dry the white solid salt 2 obtained overnight in a vacuum oven.
Preparation of the PEGylation agent. Reaction 2, synthesis of carboxylic acid bis-sulfide 3 8| To a dry 100 ml, 24/40 standard tapered, single-neck round-bottom flask containing a magnetic stir bar, add absolute ethanol (12 ml), methanol (8 ml), salt 2 (3.5 g, 11.7 mmol, 1 equivalent), 4-methylbenzenethiol (2.91 g, 23.48 mmol, 2 equivalents). ! CAUTION Owing to the strong smell of thiol, handle the 4-methylbenzenethiol carefully in a fume hood. To the reaction solution, add sequentially piperidine (0.5 ml) and 37% (wt/vol) aqueous formaldehyde (3.5 ml) by pipette. 9| Clamp the reaction flask to a retort stand in a fume hood. Fix a condenser to the flask and turn on the water to flow through the condenser. ! CAUTION Ensure that the water flow is not too high. Heat (105 1C) and stir the reaction mixture to a gentle reflux as in Reaction 1 (Step 3). Allow the reaction to proceed for 1 h at reflux.
10|
After the 1 h reflux period, lower the labjack to remove the heat from the reaction flask. While the reaction solution is still being stirred, carefully add 37% (wt/vol) aqueous formaldehyde (3.5 ml) by pipette through the top of the condenser. Raise the labjack and heat the stirred reaction mixture to reflux for a further 3 h.
11|
Allow the reaction mixture to cool to room temperature and fix the reaction flask to a rotary evaporator. Then evaporate the volatile solvents at reduced pressure while maintaining a temperature of 40 1C on the reaction flask. Remove the flask from the rotary evaporator and add methanol (E10 ml) to the creamy white residue.
12| Gently heat this solution in a fume hood to dissolve the crude product. Then allow the solution to cool to room temperature. Typically, a small amount of solid may form during this time.
' PAUSE POINT Stopper the mouth of the reaction flask and store it in a refrigerator (4 1C) overnight.
13| Filter the reaction mixture with a clean #3 sintered glass funnel that is connected to vacuum via a vacuum flask. Collect the pale yellow solid carboxylic bis-sulfide 3.
' PAUSE POINT Allow the solid to dry overnight in vacuum at room temperature.
Preparation of the PEGylation agent. Reaction 3, synthesis of carboxylic acid bis-sulfone 4 14| Prepare a 1:1 methanol-deionized water solution (100 ml) and add it to a 500 ml, 24/40 standard tapered, single-neck round-bottom flask containing a magnetic stir bar. Clamp the flask to a retort stand placing a magnetic stirrer on the labjack underneath. To this solution, add carboxylic acid bis-sulfide 3 (3.0 g, 6.87 mmol, 1 equivalent) and OXONE (25.34 g, 41.22 mmol, 4 equivalents).
' PAUSE POINT Allow the reaction to stir at ambient temperature for 24 h.
15| Pour the mixture into a 500 ml separatory funnel and extract twice with chloroform (50 ml for each extraction). Add more water (E100 mol) to dissolve all the inorganic solids and extract once more with chloroform (100 ml). ! CAUTION Chloroform is toxic; so handle it carefully in a fume hood.
16| Combine the chloroform extracts in the separatory funnel and add brine solution (100 ml). Then carefully separate the organic chloroform layer into a 500 ml conical flask. Add magnesium sulfate (B5-10 g) to this solution and swirl gently. After 5 min, filter the solution by gravity using flutted filter paper placed in a glass funnel.
17| Pour the clear chloroform solution into a 500 ml single-neck flask and evaporate the chloroform at reduced pressure by rotary evaporation while maintaining a temperature of 40 1C in the flask containing the chloroform solution.
18| As the evaporation of chloroform nears completion, the crude carboxylic acid bis-sulfone 4 will appear as white foam that has bubbled up from the inside surface of the flask.
19|
Once the chloroform has evaporated from the product, remove the flask from the rotary evaporator and scrape off the white product. Transfer the solid to a tared wide-mouth jar.
20| With the cap loosely placed onto the jar, the carboxylic acid bis-sulfone 4 is dried overnight in a vacuum oven at reduced pressure and ambient temperature to constant weight.
Preparation of the PEGylation agent. Reaction 4, synthesis of active ester bis-sulfone 5 21| To a clean and dry 50 ml Schlenk-type storage flask containing a magnetic stir bar, add carboxylic acid bis-sulfone 4 (2.00 g, 4.0 mmol, 1 equivalent) and N-hydroxysuccinimide (0.483 g, 4.2 mmol, 1.05 equivalents).
22| Fit a rubber septum (for 14/20F flask mouth) to the standard tapered fitting of the flask and clamp the reaction flask to a retort stand with a labjack and magnetic stirrer. Connect the reaction flask to a high vacuum via its side arm and allow the solids to dry under reduced pressure for 30 min.
23| Introduce argon through the septum using a rubber balloon filled with argon and fitted with a needle.
24| Add 5 ml of anhydrous DCM into the flask through the rubber septum using a clean dry glass syringe fitted with a needle. Place an ice bath on the stirrer and raise the labjack to stir and cool the reaction mixture. Allow the flask to cool for 10 min. 25| Place the flask on a magnetic stirrer and turn on the magnetic stirrer allowing moderate stirring to occur.
26| Inject neat DIPC (657 ml, 4.2 mmol) dropwise into the flask through the rubber septum.
27| Allow the reaction to stir at ambient temperature for 1.5 h.
28| Inject another 60 ml DIPC into the flask through the rubber septum after 1.5 h.
29| After 3 h of reaction, remove the rubber septum and pass the reaction mixture through a non-absorbent cotton wool filter.
30| Dilute the homogeneous filtrate with DCM (E30 ml).
31| Add deionized water (15 ml). Mix the solutions in a separating extraction funnel and then isolate the organic DCM layer into a clean round-bottom flask. Repeat the extraction with deionized water (15 ml) and collect the organic DCM layer into a clean round-bottom flask.
32| Add 1 g of anhydrous magnesium sulfate and swirl the solution gently for 5 min. Filter the solution by gravity using fluted filter paper placed in a glass funnel.
33|
Transfer the filtrate to a clean round-bottom flask and subject it to rotary solvent evaporation. Collect the white solid product obtained from the round-bottom flask. ' PAUSE POINT Dry it overnight in a vacuum oven at ambient temperature.
Preparation of the PEGylation agent. Reaction 5, synthesis of PEGylating reagent PEG bis-sulfone 6 34| Remove the O-(2-aminoethyl)-O¢-methylpolyethylene glycol (e.g., 10,000 or 20,000 g mol À1 ) from its storage at À20 1C and allow it to warm to room temperature.
35| To a dry 50 ml Schlenk flask containing a magnetic stir bar, add 0.5 g of O-(2-aminoethyl)-O¢-methylpolyethylene glycol (10,000 g mol À1 ) (50 mmol, 1 equivalent).
36| Fit the Schlenk flask with a rubber septum and then connect the stopper-opened side arm to the tube of the vapor trap of the vacuum pump. Ensure that the vapor trap is packed with dry ice. Turn on the vacuum pump and close the stopper of the side arm after 5 min. Turn off the vacuum pump.
37| Introduce argon through the rubber septum into the Schlenk flask using an argon-filled rubber balloon fitted with a needle and syringe.
38| Inject 5 ml of anhydrous toluene through the rubber septum using a 5 ml syringe.
39| Heat the bottom of the flask gently using a hot air gun until all the PEG dissolves in the toluene. ! CAUTION Do not overheat or allow the solution to boil; as the flask is sealed, the internal pressure can build up.
40| Allow the flask to cool down to room temperature and connect the stoppered side arm of the Schlenk flask to the heavy vacuum pump again and turn it on.
41| Turn on the stopper of the side arm very slowly allowing the vacuum to form within the flask. Bubbles will form during the vacuum evaporation process. Continue until all of the solvent has evaporated. ! CAUTION Gentle swirling of the flask by hand is necessary throughout this time to prevent spluttering of the solution when the heavy vacuum is on.
42|
Allow the flask to remain under a heavy vacuum for at least 30 min. Stopper the side arm and introduce the argon into the flask again.
43| Add 5 ml of anhydrous DCM to the flask and place it on a magnetic stirrer. Cool the flask by placing it on an ice bath and turn on the magnetic stirrer. Allow moderate stirring to occur. 49| Allow the flask to cool down to room temperature. ' PAUSE POINT Stir it for a further 48 h at 30 1C.
50| Evaporate the solvent containing the reaction mixture using a rotary evaporator without heating it to more than 40 1C.
51| Measure 15 ml of acetone and add it to the reaction flask. Gently warm the bottom of the flask until all of the solids dissolve and a clear solution is obtained. ! CAUTION Do not overheat the acetone to protect the product.
52|
Place the flask in an ice bath and allow the solution to cool under stirring. The polymer starts to precipitate out slowly. Shake the flask occasionally. After 5 min, filter the whole solution using a #3 Pyrex Buchner funnel (80 ml) with sintered glass disc (40-mm disc diameter) connected to a vacuum flask. m CRITICAL STEP To maximize the yield of PEG, the filtration process should be carried out quickly and while the solution is still cold. The filter can be chilled before use. Repeat the acetone purification and precipitation procedure once more. ' PAUSE POINT Dry the sintered funnel containing the polymer overnight in a vacuum oven. As the PEG bis-sulfone 6 is stable at an acidic pH, this solution can be stored under argon at À20 1C for up to 3 months (Box 1 and Fig. 4 ).
Conjugation of PEG bis-sulfone 6 to a protein 53| To an Eppendorf tube, add the protein solution (1 ml) made up in 50 mM sodium phosphate buffer, pH 7.8, containing 10 mM EDTA at a concentration of 0.5 mg ml À1 . pH 7.8 allows the PEG bis-sulfone 6 to undergo an elimination reaction in situ and generate the PEG mono-sulfone 7. When an acidic pH (i.e., 5.5-6) is required for the PEGylation reaction, PEG mono-sulfone 7 should be used. The bis-thiol alkylation occurs efficiently even at a slightly acidic pH. 
BOX 1 | REACTION 6. PREPARATION OF PEGYLATING REAGENT PEG MONO-SULFONE 7
Most PEGylation reactions are conducted with the PEG bis-sulfone 6 at neutral or slightly basic pH values. The PEG mono-sulfone 7 is generated in situ in these reaction conditions (Fig. 4) . If PEGylation is to be attempted at slightly acidic conditions, then the PEG mono-sulfone 7 can be used.
EQUIPMENT SETUP
A preparative grade reversed-phase C-18 flash chromatographic setup is used for the isolation of the PEG mono-sulfone 7. The equipment setup involves packing 10 g of reversed phase C-18 silica gel in a #3 Pyrex Buchner funnel (35 ml) with sintered glass disc (30-mm disc diameter). The reservoir above the packing should have a capacity of more than 25 ml. The C-18 flash chromatographic column is connected to a vacuum pump using a vacuum flask. The packing is first washed with acetonitrile to remove any impurities. For this, the reservoir is first loaded with 25 ml of acetonitrile and the vacuum is then turned on to allow the solvent to pass through while leaving the packing dry. The packing is similarly washed twice with deionized water (25 ml each) to equilibrate the column. 1. To a 25 ml round-bottom flask, add 0.2 g of PEG bis-sulfone 6. 2. Add 10 ml of 50 mM sodium phosphate buffer, pH 7.8, to the flask and allow the solid to dissolve. 3. The solution formed is allowed to stand for 16 h at 25 1C. 4. The reaction mixture is then loaded onto the deionized water pre-equilibrated reversed-phase flash chromatographic column reservoir (SAMPLE LOAD). 5. The solution is allowed to pass through the C-18 packing by applying a vacuum. 6. The column packing is similarly washed twice with 25% (vol/vol) acetonitrile in water (25 ml each) (WASH). 7. The filtrate solution that is collected in the vacuum flask during the sample load and the two washes are discarded, and the vacuum flask cleaned. 8. The packing is then washed with 75% (vol/vol) acetonitrile in water and the filtrate obtained (25 ml) is diluted with deionized water (75 ml) and frozen. 9. The frozen solution is then subjected to freeze drying to obtain the PEG mono-sulfone 7 product. Typically, 75-85% PEG mono-sulfone 7 is obtained, with the remainder being the PEG bis-sulfone 6. Analysis is by 1 H-NMR.
57| Load the protein solution (1 ml) onto the pre-equilibrated PD-10 column and collect the 1 ml eluate as the load volume.
58| Add fresh buffer (2 ml) to the PD-10 column and collect the eluate separately.
59| Add further fresh buffer (2.5 ml) to the PD-10 column while collecting the eluate in a 15-ml corning tube. m CRITICAL STEP Allow the protein solution to trickle down the sides of the tube. Typically, this fraction contains 96% of the protein in a reduced form with all of the DTT removed.
60| Dissolve PEG bis-sulfone 6 at a concentration of 10-15 mg ml À1 in 20 mM sodium acetate buffer, pH 4.0.
61| Add the PEG bis-sulfone 6 solution (1 equivalent if monoPEGylation is desired) to the reaction tube. Typically, the volume of the PEG solution is less than or equal to 50 ml. m CRITICAL STEP As with any reduced protein care must be taken to ensure the protein does not undergo denaturation. ' PAUSE POINT Allow the conjugation reaction to proceed by incubating the reaction mixture for at least 8 h (or overnight) at 4 1C.
62| Add 50 ml of 50 mM glutathione reoxidizing solution to yield a concentration of E1 mM GSH: 1 mM GSSG in 2.5 ml. Mix and store the reaction solution for a further 16 h at 4 1C. m CRITICAL STEP This step reoxidises any thiols back to their original disulfide bonds. This is one of many routine ways to oxidize thiols to disulfides 31 .
Purification of PEG-protein conjugate 63| Load the reaction solution (2.5 ml) onto a PD-10 column that has been pre-equilibrated with 20 mM sodium acetate buffer, pH 4.0.
64| Then, eluate the PD-10 column with 3.5 ml of fresh 20 mM sodium acetate buffer, pH 4.0, while collecting the eluate.
65| Then, draw this solution into a 5 ml syringe with the help of a long needle.
66| Collect residues of any product that is left in the tube. To this, add 1.5 ml of fresh 20 mM sodium acetate buffer, pH 4.0. This solution is then pooled with the 3.5 ml reaction solution from
Step 68.
67| Load the 5 ml of solution manually into the ion exchange column (pre-equilibrated with 20 ml of 20 mM sodium acetate buffer, pH 4.0, to remove contaminants) with the help of a syringe at a flow rate of 1 ml min À1 . Maintain this flow rate while injecting the protein solution into the column. In the case of IFN, the column used was a cation exchange column (HiTrap SP FF, GE Healthcare). However, the choice of ion exchange column depends entirely on the isoelectric point (pI) of the protein. As IFN has a pI of E6.0, the cation exchange chromatography has to be used after exchanging the protein to 20 mM sodium acetate buffer, pH 4.0. Anion exchange chromatography can also be used by exchanging the protein buffer to pH 8.0 or above.
68| Wash the column with 2 ml of 20 mM sodium acetate buffer, pH 4.0, at a flow rate of 2 ml min À1 with the help of a peristaltic pump.
69| Load a fresh syringe with 5 ml of 20 mM sodium acetate buffer, pH 4.0, containing 1 M sodium chloride and attach the syringe to the ion exchange column.
70| Inject the buffer in the syringe manually at a flow rate of 1 ml min À1 . Discard the initial 1 ml eluate. Collect the next 2 ml of the elution volume (which contains the protein and the conjugation mixture) in a 2 ml Eppendorf tube and assay the protein content by micro-BCA assay (see below 71| Inject the ion exchange purified solution (1.9 ml) into the SEC-HPLC (size exclusion chromatography-HPLC) for purification of the protein and the conjugation mixture. m CRITICAL STEP The eluting characteristics of the PEG-protein conjugate will be dominated by the PEG for proteins with a small MWt. For example, unconjugated 10 kDa PEG bis-sulfone 6 will eluate at approximately 78 min (peak maximum) in the conditions for SEC-HPLC described here. When conjugated to cytokines with MWts ranging from 16 to 19 kDa, the elution time is approximately 70 min. Lower MWt proteins conjugated to 10 kDa PEG would be expected to eluate in the range between 70 and 78 min. In the case of the 20 kDa PEG bis-sulfone 6, the unconjugated reagent eluates at about 64 min. When conjugated to cytokines with MWts ranging from 16 to 19 kDa, the PEG-protein conjugate eluates at about 60 min. Smaller proteins conjugated to a 20 kDa PEG would be expected to eluate in the range of 60-64 min.
? TROUBLESHOOTING Quantitation of the protein and the purified PEGylated protein 72| The standard methods for quantitation of proteins are UV and the micro-BCA assay 30 . The latter has the advantage that a smaller amount of protein is required to perform the assay. A third method relies upon the use of antibodies (usually monoclonal), which are used in the context of a quantitative, commercial enzyme immunoassay. Very small amounts of proteins can be quantitated using this approach. Our experience suggests that micro-BCA can be reliably used to quantify the amount of protein that is covalently conjugated to PEG in the purified PEGylated protein, but that caution is required if an enzyme immunoassay is to be used. For some proteins, we have found a significant difference between the results obtained using an enzyme immunoassay when compared with those obtained using a micro-BCA assay. Step 8, PD-10 separation-0.480 mg in 2.5 ml, 96% Purification of PEG-IFN
Step 2, PD-10 buffer exchange-93% (0.465 mg in 3.5 ml)
Step 10, Ion exchange purification-74% (0.37 mg in 2 ml) Size-exclusion chromatography of the PEG-IFN Three-carbon disulfide single-bridged 10 kDa PEG-IFN: E57% (Fig. 5a) , Silver staining and Western blotting (Fig. 5b) to confirm the identity of the PEGylated protein 22, 23 .
(b) MALDI-TOF spectrometry to confirm the PEGylated protein's mass and polydispersity of the PEG 22, 23 .
(c) Circular dichroism spectroscopy to confirm the a-helical structure of the protein 22 .
(d) Assays to confirm the biological activity of the protein 22, 23 .
Electrophoresis and staining for protein
The results for a 10 kDa PEG-leptin, a 20 kDa three-carbon disulfide (single and double) bridged PEG-IFN and a 20 kDa PEG-anti-CD4 Fab are shown in Figure 5 . 
